Bisphenol A (BPA) is an important industrial raw material. Because of its widespread use and increasing release into environment, BPA has become a new environmental pollutant. Previous studies about BPA's effects in plants focus on a certain growth stage. However, the plant's response to pollutants varies at different growth stages. Therefore, in this work, BPA's effects in soybean roots at different growth stages were investigated by determining the reactive oxygen species levels, membrane lipid fatty acid composition, membrane lipid peroxidation, and antioxidant systems. The results showed that low-dose BPA exposure slightly caused membrane lipid peroxidation but didn't activate antioxidant systems at the seedling stage, and this exposure did not affect above process at other growth stages; high-dose BPA increased reactive oxygen species levels and then caused membrane lipid peroxidation at all growth stages although it activated antioxidant systems, and these effects were weaker with prolonging the growth stages. The recovery degree after withdrawal of BPA exposure was negatively related to BPA dose, but was positively related to growth stage. Taken together, the effects of BPA on antioxidant systems in soybean roots were associated with BPA exposure dose and soybean growth stage.
. Plants are the primary producers in ecological system, and can provide organic materials and energy for secondary consumers. Through food chains in ecological systems, the hazards of BPA can extend to animals, even humans 10 . The European Union has released a risk assessment report of BPA on terrestrial ecosystems. The draft of the report requires researchers to focus on BPA toxicity on plants to further investigate the potential risks of BPA on plants 11 . Recently, the effects of BPA on algae have been frequently reported 12, 13 , but the effects of BPA on terrestrial plants are less studied 14 , and the microscopic mechanism of BPA on plants remains unclear 15 . Previous
Results
Effects of BPA on ROS levels and membrane lipid peroxidation in soybean roots at different growth stages. Figure 1 shows the effects of BPA on ROS levels and membrane lipid peroxidation in soybean roots at different growth stages. Compared to the control, after 7 d of 1.5 mg·L −1 BPA exposure, the H 2 O 2 content at the seedling stage increased (p < 0.05), but the O 2 − and malondialdehyde (MDA) contents and membrane permeability did not change (p > 0.05), and those indices at both flowering and podding stages and seed-filling stages did not change (p > 0.05). With an increasing BPA dose (6.0 and 12.0 mg·L −1 ), the O 2 − content, MDA content, and membrane permeability significantly increased (p < 0.05) at the three growth stages. Moreover, the increase degree of the O 2 − content and membrane permeability were positively related to the BPA dose, but negatively related to the growth stage. Moreover, the O 2 − content, MDA content, and membrane permeability at the three growth stages did not change (p > 0.05) after withdrawal of 1.5 mg·L −1 BPA exposure, but increased (p < 0.05) after withdrawal of 6.0 and 12.0 mg·L −1 BPA exposure.
Effects of BPA on the composition of membrane lipid fatty acids in soybean roots at different growth stages. Tables 1, 2 , and 3 show the effects of BPA on the composition of membrane lipid fatty acids in soybean roots at different growth stages. Compared to the control, after 7 d of 1.5 mg·L −1 BPA exposure, the composition of fatty acids at all growth stages did not change (p > 0.05), but the percentage content of different fatty acids changed (p < 0.05). The total contents of saturated fatty acids (SFA) increased (p < 0.05), whereas the total contents of unsaturated fatty acids (UFA) and the index of unsaturated fatty acids (IUFA) decreased (p < 0.05). After 7 d of 6.0 mg·L −1 BPA exposure, the SFA contents at the seedling stage as well as at the flowering and podding stage increased (p < 0.05), whereas the UFA content and IUFA decreased (p < 0.05). Moreover, only the IUFA at the seed-filling stage decreased (p < 0.05). After 12.0 mg·L −1 BPA exposure at different growth stages, the changes in all indices were similar to those after 6.0 mg·L −1 BPA exposure, and the change degrees were positively related to the BPA dose but negatively related to the growth stage. After withdrawal of BPA exposure, the SFA contents increased (p < 0.05) at the seedling stage, while the UFA content and IUFA decreased (p < 0.05); the SFA and UFA content as well as the IUFA at the flowering and podding stages did not change obviously (p > 0.05). Interestingly, the SFA content at the seed-filling stage decreased (p < 0.05).
Effects of BPA on the activities of antioxidant enzymes in soybean roots at different growth stages. Figure 2 shows the effects of BPA on the activities of antioxidant enzymes in soybean roots at different growth stages. Compared to the control, after 1.5 mg·L −1 BPA exposure, the activities of SOD, POD, and CAT at three growth stages did not change significantly (p > 0.05). After 6.0 mg·L −1 BPA exposure, the above indices increased (p < 0.05) at the seedling stage, and the SOD and CAT activities at the flowering and podding stage and the seed-filling stage increased (p < 0.05). After 12.0 mg·L −1 BPA exposure, the activities of the three antioxidant enzymes at the three growth stages increased significantly (p < 0.05). After withdrawal of 1.5 mg·L −1 BPA exposure, the activities of the antioxidant enzymes at different growth stages did not change (p > 0.05); however, after withdrawal of 6.0 and 12.0 mg·L −1 BPA exposures, the activities of antioxidant enzymes at all growth stages increased (p < 0.05), except for the POD activity at the flowering and podding stage after withdrawal of 6.0 mg·L −1 BPA exposure.
Effects of BPA on the contents of antioxidant substances in soybean roots at different growth stages. Figure 3 shows the effects of BPA on the contents of antioxidant substances in soybean roots at different growth stages. Compared to the control, after 1.5 mg·L −1 BPA exposure, the Pro content at seedling stage increased (p < 0.05), and the contents of Pro, AsA, and GSH at the flowering and podding stage and the seed-filling stage did not change (p > 0.05). With an increase in the BPA dose (6.0 and 12.0 mg·L −1 ), the contents of all antioxidant substances at different growth stages increased (p < 0.05). After withdrawal of 1.5 mg·L −1 BPA exposure, the changes in the content of antioxidant substances at the seedling stage were similar with those after this dose of BPA exposure. The Pro content recovered, but did not recover to the control levels; however, the content of antioxidant substances at the latter two growth stages had no significant changes (p > 0.05). After withdrawal of 6.0 and 12.0 mg·L −1 BPA exposures, the content of the antioxidant substances at each growth stage increased (p < 0.05).
Correlation analysis. Table 4 shows the relationship between antioxidant systems and ROS levels as well as membrane lipid peroxidation in soybean roots at different growth stages. At the seedling stage, after BPA exposure, H 2 O 2 and MDA contents were positively correlated with antioxidant levels and O 2 − content and membrane permeability were positively related to the activities of antioxidant enzymes and GSH content, but the IUFA showed no correlation with antioxidant levels. After withdrawal of BPA exposure, the correlations between ROS levels and antioxidant levels were positive, except for the Pro content; the MDA content was positively correlated with the SOD activity; and the IUFA was negatively correlated with the CAT activity and Pro content. At the flowering and podding stage, after BPA exposure, those correlation relationships were similar to those at the seedling stage, but the IUFA showed a negative correlation with most antioxidant system indexes. After withdrawal of BPA exposure, the correlations were similar to those after BPA exposure. At the seed-filling stage, after BPA exposure, the correlations became more significant than those at the flowering and podding stage, but the IUFA still showed no correlation with antioxidant system levels. After withdrawal of BPA exposure, the correlations were similar to those after BPA exposure, except that the MDA content showed no correlation with antioxidant levels.
Discussion
The production and removal of ROS in plants maintain a dynamic balance under normal conditions 25 . Under adversity, however, a large number of ROS (H 2 O 2 and O 2 − ) will be produced in plant cells, thus breaking the balance 29 . Our results showed that low dose of BPA (1.5 mg·L −1 ) exposure caused higher production of H 2 O 2 than removal in soybean roots (Fig. 1) at the seedling stage, and this imbalance was aggravated as BPA exposure dose increased (Fig. 1) . After withdrawal of BPA exposure, the imbalance did not return to the control levels ( Fig. 1) . Excessive ROS can attack the polyunsaturated fatty acid in the cell membrane, causing membrane lipid peroxidation 30 and an increase in membrane permeability. Moreover, excessive ROS can be used to generate more toxic ·OH by promoting the Fenton reaction 31 , affecting plant physiological activity and inhibiting plant growth and development 29 . MDA is a product of membrane lipid peroxidation; thus, the MDA content is an important index to evaluate the degree of membrane lipid peroxidation 32 . UFA is the main component of cell membrane ) exposure led to excessive production of ROS in soybean roots at the seedling stage, causing oxidative stress to the UFA (Table 1) , rather than membrane lipid peroxidation (Fig. 1 ). Higher doses of BPA exposure (6.0 and 12.0 mg·L −1 ) caused excessive accumulation of ROS, leading to the self-catalytic effect of free radical chain reactions aggravating the oxidation of the UFA (Table 1) , finally causing decreases in membrane fluidity and membrane lipid peroxidation (Fig. 1) . SOD is the first line of defense in plants to disproportionate O 2 − to H 2 O 2 . POD is an important enzyme in the cell walls or cytosol of plants, and it can catalyze reactions from H 2 O 2 to H 2 O to achieve detoxification 34 . CAT is in the peroxisome or mitochondria, and its function is similar to that of POD, though CAT has a low substrate affinity 34 . AsA is an effective scavenger of free radicals and has antioxidant functions 35 , and the decrease in its levels indicates a decline in the total antioxidant capacity. As an antioxidant, GSH can directly remove ROS, and at the same time, GSH itself can be oxidized to oxidized glutathione 36 . Pro regulates the osmosis of cell membranes and coordinates intracellular metabolic processes 37 . In this work, we found that low dose (1.5 mg·L −1 ) of BPA exposure caused oxidative stress to soybean roots at the seedling stage ( Fig. 1 ) and the accumulation of Pro in cells to regulate cell membrane permeability and reduce the absorption of BPA by roots 37 , but this did not cause membrane lipid peroxidation or activate the antioxidant systems (Figs 1-3) . High doses of BPA exposure activated the antioxidant enzyme systems to remove excess ROS (Table 1) , while membrane lipid peroxidation was not avoided (Fig. 1 and Table 1 ). After withdrawal of high doses of BPA exposure, membrane lipid peroxidation did not disappear, indicating that the structure of soybean roots at the seedling stage did not develop well and stress resistance and self-healing abilities were relatively low 38 ; thus, BPA exposure damaged the membrane structure of soybean seedling roots.
BPA (mg·L
To objectively evaluate whether the effects of BPA on antioxidant systems in soybean roots varies at different growth stages, we also studied the effects of BPA exposure on antioxidant systems in roots at the flowering and podding stage and the seed-filling stage. The flowering and podding stage is the important period for soybean to alternately grow and reproduce, as well as a period for forming dry matter. Our results showed that low-dose BPA (1.5 mg·L Table 2 ). This result indicates that the growth and metabolism of soybean at the flowering and podding stage are relatively strong and able to accumulate more biomass, and the structure and function of roots are robust, which enables resilience to also be relatively strong 37 . The 6.0 mg·L −1 BPA exposure increased ROS levels, and the increased ROS attacked polyunsaturated fatty acids in roots' cell membranes, causing decreases in the UFA content (Table 2) . Meanwhile, the activities of antioxidant enzymes and the levels of non-enzymatic substances increased to remove excess ROS (Figs 2 and 3) . However, the increased ROS in soybean root cells was beyond the elimination abilities of antioxidant enzymes and non-enzymatic substances, leading to excessive accumulation of ROS and membrane lipid peroxidation ( Fig. 1) 30 . Moreover, after withdrawal of BPA exposure, membrane lipid peroxidation did not disappear (Fig. 1 ), indicating that high-dose BPA exposure caused irreversible damage to soybean roots at the flowering and podding stage. At the same time, the antioxidant ability and ROS levels were positively correlated ( Table 4 ), indicating that high doses of BPA exposure did not cause fatal damage to the antioxidant systems of soybean roots.
The seed-filling stage is the key period for the yield formation of soybean 39 . Previous studies showed that the growth, photosynthesis, nitrogen transfer and assimilation of soybean declined after entering the seed-filling stage 40 , but soybean roots still showed higher activities at late growth stages 41 . Our data suggested that the effects of BPA exposure on ROS levels, membrane lipid peroxidation and antioxidant systems in soybean roots at the seed-filling stage were similar to those at the flowering and podding stage (Figs 1-3 and Table 3 ), and the H 2 O 2 content was higher than the O 2 − content (Fig. 1) . We speculate that SOD constantly disproportionated O 2 − to H 2 O 2 42 and that H 2 O 2 is relatively stable and with greater longevity. Compared to the three growth stages, with the developing of soybean root structure and function, and the increasing of biomass, BPA stress on unit biomass of soybean roots was decreased 37 . Previous studies showed that low-dose (1.5 mg·L −1 ) BPA exposure can promote roots to absorb and make use of microelements (such as Mg and Mn) 43 , and microelements can be used to synthesize antioxidants to resist ROS oxidative stress 44 . The resistance of soybean roots to BPA stress at three growth stages followed the order: seed-filling stage > flowering and podding stage > seedling stage. The effects of BPA on antioxidant systems at different growth stages in the entire soybean plant, including leaves, should be an area of future investigation.
In conclusion, the effects of BPA on ROS levels, membrane lipid peroxidation and antioxidant systems in soybean roots were aggravated with increasing BPA exposure dose but weaker with prolonging the growth stages. After withdrawal of BPA exposure, these effects became weaker and the recovery degree was negatively related to BPA exposure dose and positively related to growth stage.
Materials and Methods
Preparation of BPA solution. Given current global BPA pollution situation, especially in developing countries 6, 45 , previous studies about the effects of BPA on plants and animals [46] [47] [48] , and high environmental levels of BPA released by pollution accident, three BPA doses (1.5, 6.0, and 12.0 mg·L −1 ) were selected. Of these concentrations, 1.5 mg·L −1 BPA is assigned by the United States Environmental Protection Agency as a safe dose for drinking water and the upper safety limit for individuals 49 , and this dose is often used to investigate the effects of BPA on plants 17, 47, 49 ; 6.0, and 12.0 mg·L −1 are the BPA concentrations in soil, river sediment, and hazardous landfill leachates [50] [51] [52] , and these two doses are also used to study the effects of BPA on plants to one-half strength Hoagland solution (pH 7.0) without BPA for 7 d, based on our previous pre-experiment (in which the results showed that the effect of BPA on soybean seedling growth became steady after BPA exposure for 7 d and withdrawal of BPA exposure for another 7 d). After 7 d of BPA exposure, followed by 7 d of BPA withdrawal, the roots were collected for measurements of test indices.
Determination of ROS content and membrane lipid peroxidation. The H 2 O 2 content in soybean roots was determined using a modification of a method described in previous reports 54 . Fresh roots (0.5 g) were homogenized in 3 mL of 50 mM potassium phosphate buffer (pH 6.5) at 4 °C and the homogenate was centrifuged at 11,500 × g for 15 min. The reaction mixture contained 3 mL supernatant and 1 mL of 20% H 2 SO 4 (containing 0.1% TiCl 4 ). The absorbance of the reaction mixture was determined at 410 nm, and the H 2 O 2 content was calculated by a standard curve.
The O 2 − content was determined according to previous methods 37 . Roots (2 g) were homogenized in 3 mL of 3% trichloroacetic acid, and then the homogenate was centrifuged at 12,000 × g for 15 min. The reaction mixture contained 1 mL supernatant and 1 mL of 50 mM potassium phosphate buffer (pH 7.0, containing 1 mM hydroxylamine hydrochloride). The absorbance of the reaction mixture was recorded at 530 nm, and the O 2 − content was calculated by the standard curve.
The MDA content was determined according to previous reports 36 . Roots (0.5 g) were collected and homogenized in 3 mL 1% trichloroacetic acid, and the homogenate was centrifuged at 11,500 × g for 10 min. The reaction mixture contained 1 mL supernatant and 4 mL of 0.5% thiobarbituric acid, and it was reacted in a boiling water bath for 30 min then quickly cooled in an ice bath. The reaction mixture was centrifuged again at 11,500 × g for 15 min. The absorbance of the supernatant was recorded at 450 nm, 532 nm and 600 nm. The concentration of MDA was calculated according to the following equation: Concentration (μmol·L Membrane permeability was determined in accordance with previous methods, with slight modification 55 . Root fragments (0.5 g) were rinsed with deionized water and then put in glass tubes, which contained 10 mL deionized water. The roots were pumped in a vacuum environment for 20 min to translucent. The conductivity of the solution was measured with a conductivity meter (L 1 ), and then the glass tubes were put in a boiling water bath to heat for 3-5 min. After being cooled to room temperature, the conductivity of the solution was measured again (L 2 ). Membrane permeability was calculated using the followed formula: membrane permeability
Determination of fatty acid composition. The extraction of total membrane lipids in soybean root cells was based on previous reports 56 . Soybean roots (1.0 g) were baked at 105 °C for 5 min, then the samples were homogenized in a mixture of chloroform and methanol (1:2, V: V) and the homogenate was centrifuged at 1,000 × g for 10 min. The mixture of the supernatant and 0.76% NaCl was oscillated for 15 min and then concentrated by nitrogen rotary evaporator to obtain total membrane lipids. Fatty acid composition was determined by gas chromatography 57 . Methanol (2 mL) and concentrated sulfuric acid (4-5 drops) were added into the total membrane lipid. The mixture was put in a water bath (50-60 °C) for 10 min then added into n-hexane (1-2 mL). After shock, the mixture stood for 15 min, and 2 mL of distilled water were then added. The solvent in the supernatant was evaporated using nitrogen, after which the residues were analyzed using a Shimadzu GC-2010 gas chromatograph to automatically determine the sample. Standard substances of fatty acids were purchased from Sigma Company. The fatty acid content was obtained through comparisons with the peak area of the standard samples using quantitative analysis.
Determination of antioxidant enzymes activity. Fresh soybean roots (0.5 g) were collected and homogenized in a 50 mM phosphate buffer (pH 7.8), which contained 5 mM ascorbic acid, 5 mM dithiothreitol, 5 mM EDTA, and 2% (v/v) polyvinylpyrrolidone. The homogenates were centrifuged at 15,000 × g for 15 min, and the supernatant was used to determine the antioxidant enzyme activity.
The SOD activity was determined using a modified method based on previous reports 36 . The mixture reacted under fluorescent lights for 30 min. One unit of enzyme activity was defined as the quantity of SOD required for 50% inhibition of nitroblue tetrazolium reduction at 560 nm.
The POD activity was determined in accordance with previously reported methods with slight modification 58 . The reaction mixture (3 mL) contained 1 mL 25 mM phosphate buffer (pH 6.8), 5 μL 28 mM guaiacol and 15 μL enzyme extract. A few drops of H 2 O 2 were added to initiate reaction, and one unit of enzyme activity was defined as the change of absorbance at 470 nm within 1 min.
The determination of the CAT activity was based on previous reports 59 . The reaction mixture (3 mL) contained 100 mM phosphate buffer (pH 7.0) and 50 μL of enzyme extract. The 15 mM H 2 O 2 (a few drops) was added into the mixture to initiate reaction. One unit of enzyme activity was defined as the decomposition of H 2 O 2 (mg) from a fresh sample (g) at 240 nm within 1 min.
Determination of the contents of non-enzymatic antioxidant substance. The AsA content was determined according to previous reports 37 . Roots (0.5 g) were homogenized in 5% trichloroacetic acid. Then, the homogenate was centrifuged at 4,000 × g for 10 min. The reaction mixture contained 0.2 mL supernatant, 0.5 mL of 150 mM phosphate buffer (pH 7.4, containing 5 mM EDTA) and 0.2 mL deionized water. The reaction mixture was incubated at 40 °C for 40 min and the absorbance was recorded at 532 nm. The AsA content was calculated by the standard curve.
The determination of the Pro content was carried out according to previous reports with slight modifications 36 . Roots (0.5 g) were collected and homogenized in 10 mL of 3% sulfosalicylic acid. Then, the homogenate was centrifuged at 1,000 × g for 10 min. The mixture (containing 2 mL supernatant, 2 mL ice acetic acid, and 4 mL Scientific RepoRts | 6:23782 | DOI: 10.1038/srep23782 2.5% ninhydrin) underwent a reaction in a 100 °C water bath for 40 min and then was rapidly cooled to terminate the reaction. The absorbance was recorded at 520 nm and the Pro content was calculated by the standard curve.
The GSH content was determined in accordance with previously reported methods 36 . Roots (0.5 g) were collected and homogenized in 5 mL of 0.1 M HCl (pH 2.0), and the homogenate was centrifuged at 10,000 × g at 4 °C for 10 min. The reaction mixture contained 200 μL supernatant, 800 μL of 0.5 M KH 2 PO 4 /K 2 HPO 4 buffer (pH 8.0), a few drops of 1 mM EDTA, and 100 μL of 6 mM 5, 5-dithiobis-(2-nitrobenzoic acid) (Sigma, USA). The mixture was reacted at 30 °C in a water bath for 15 min. The absorbance was determined at 412 nm, and the GSH content was calculated by standard curve.
Statistical analysis. Each treatment group was set up 6 times, and all data for the three independent experiments of the mean value ± standard error (mean ± SD). The significant differences (p < 0.05) between the different treatments were analyzed using an LSD test with SPSS 17.0 software. The symmetric quantitative variables were used to calculate the Pearson's correlation coefficient and to perform correlation analysis among test indices.
